Detailed physiological studies were done to compare the influence of environmental pH and fermentation end product formation on metabolism, growth, and proton motive force in Sarcina venticuli. The kinetics of end product formation during glucose fermentation in unbuffered batch cultures shifted from hydrogen-acetate production to ethanol production as the medium pH dropped from 7.0 to 3.3. At a constant pH of 3.0, the production of acetate ceased when the accumulation of acetate in the medium reached 40 mmol/liter. At a constant pH of 7.0, acetate production continued throughout the entire growth time course. The in vivo hydrogenase activity was much higher in cells grown at pH 7.0 than at pH 3.0. The magnitude of the proton motive force increased in relation to a decrease of the meditim pH from 7.5 to 3.0. When the organism was grown at pH 3.0, the cytoplasmic pH was 4.25 and the organism was unable to exclude acetic acid or butyric acid from the cytoplasm. Addition of acetic acid, but not hydrogen or ethanol, inhibited growth and resulted in proton motive force dissipation and the accumulation of acetic acid in the cytoplasm. The results indicate that S. ventriculi is an acidophile that can continue to produce ethanol at low cytoplasmic pH values. Both the ability to shift to ethanol production and the ability to continue to ferment glucose while cytoplasmic pH values are low adapt S. ventriculi for growth at low pH.
Sarcina ventriculi is an obligate anaerobic bacterium that is capable of growth on sugars over a wide pH range, from 2.0 to 10.0 (6). Smit (24) and Kluyver (16) demonstrated that ethanol and carbon dioxide are major end products of glucose metabolism. Initial biochemical studies (3; J. P. Arbuthnott, T. Bauchop, and E. A. Dawes, Biochem J. 76 :12, 1960 ) demonstrated that S. ventriculi is capable of both ethanol production and hydrogen production. Fermentation studies (5) later showed that ethanol, acetate, and hydrogen are important end products. Stephenson and Dawes (25) demonstrated that S. ventriculi possesses both a ferredoxin-dependent "clostridiumlike" phosphoroclastic mechanism and a thiamine-dependent "yeastlike" decarboxylation mechanism for pyruvate cleavage.
Analysis of glucose fermentation end product balances suggested that at a low pH value (i.e., 4.7) , the two pathways of pyruvate metabolism are of equal importance (5, 25) . At neutral pH values, the phosphoroclastic pathway dominates, resulting in an increased proportion of acetate and hydrogen production. The glucose fermentation end product balances at pH values below 4.7 have not been detailed. The distribution of end products for arabinose-grown cells is similar to that for glucose grown cells, and end products other than ethanol have been suggested to limit growth (4, 7) .
Little to nothing is known about how S. ventriculi adapts to low pH or about the influence of the pH on the proton motive force (PMF) within the organism. Stephenson and Dawes (25) suggested that the accumulation of acetate at low medium pH values may lead to the concentration of acetic acid internally and cause inhibition of the phosphoroclastic pathway. However, the distribution of acetate between the medium and the cytoplasm has not been reported. Other authors have suggested that the accumulation of acetate at low pH may limit growth in other organisms by causing acetate to accumulate in the cytoplasm (23, 28) . Baronofsky et al. (1) have shown that the accumulation of acetate at low pH by Clostridium thermoaceticum leads directly to a dissipation of the PMF and a lowering of the cytoplasmic pH.
S. ventriculi represents one of the few described anaerobic bacterial species that is able to grow at extremely low pH values. We recently documented that the niche for this species includes the pH 4.9 sediments of Crystal Bog, Wis. (8) . The anaerobic digestion processes in this bog, while slow, appear optimized to the in situ pH; artificial lowering of the pH below 4.9 caused inhibition of hydrogen metabolism and the accumulation of ethanol.
The purpose of the present paper is twofold. First, we wanted to determine the effects of low pH on the metabolism and PMF of S. ventriculi. Second, we wanted to test the hypothesis that the mechanism by which S. ventriculi adapts to low pH differs dramatically from that described for acidophilic aerobes because this acidophilic anaerobe lacks sufficient chemical energy for pumping protons out of the cytoplasm in the presence of weak organic acids and under conditions of low pH.
MATERIALS AND METHODS Chemicals, gases, and isotopes. All chemicals used were reagent grade or better and were obtained from Sigma Chemical Co., St. Louis, Mo., or Mallinckrodt, Inc., Paris, Ky. All gasses used were at least 99.9% pure and were passed over copper-filled Vycor furnaces (Sargent Welch Scientific Co., Skokie, Ill.) to remove oxygen. Valinomycin, gramicidin S, nigericin, and N,N'-dicyclohexylcarbodiimide were purchased from Sigma.
[3H]tetraphenylphosphonium bromide (diluted to 250 ,uCi/2.5 ml of distilled H20; 24 [14C]butyrate (1.8 mCi/mmol) were purchased from New England Nuclear Corp., Boston, Mass.
Organism and culture conditions. S. ventriculi JK was isolated and characterized previously (8) . It was routinely cultured in 26-ml anaerobic pressure tubes that contained 10 ml of glucose complex medium and a nitrogen headspace. The glucose complex medium contained 30 g of glucose per liter, 5 g of peptone per liter, 5 g of yeast extract per liter, and 0.1 ml of a titanium-nitrotriacetic acid solution (20) . The 2-liter controlled pH culture vessel contained 1 liter of glucose complex medium, and the pH was controlled by the addition of 4 N NaOH. The fermentation system consisted of a multigen fermentor (BioFlo model C30), an automatic pH controller (model pH-40; New Brunswick Scientific Co., Inc., Edison, N.J.), and a glass electrode (Ingold Electronics, Inc., Andover, Mass.). Cultures were routinely grown at 370C.
Measurement of growth and end products. Cell dry weight was determined by filtration of a known volume of sample through a porosity membrane (pore size, 0.22 ,um; Millipore Corp., Bedford, Mass.) and dried at 600C to constant weight. For the determination of protein, 1 ml of culture was centrifuged at 3,000 x g for 5 min, the supernatant was removed, and the cell pellet was suspended in 0.5 ml of 0.1 N NaOH. Cells were digested for 20 min at 100°C. The solution was neutralized, and protein was determined by the method of Bradford (3). Glucose was determined by the hexokinase method (Sigma diagnostic kit). The composition of cells varied with growth pH and cell-protein-to-dry-weight ratio was not constant at different pH values. Cells grown at pH 7.0 were less compact and floated compared with cells grown at pH 3.0. Therefore, protein was used to estimate growth kinetics, whereas cell yields were determined by dry weights and required larger samples.
Carbon dioxide was determined by using a model 417 gas chromatograph (Packard Instrument Co., Inc., Downers Grove, Ill.) equipped with a Carbosieve-B column (120/140 mesh) (Supelco Inc., Bellefonte, Pa.) and a thermal conductivity detector. The column was operated at 95°C with helium as the carrier gas at a flow rate of 60 cm3/min. Total carbon dioxide was calculated by using Henry's Law and the in situ pH. The hydrogen concentration was determined by injecting a 0.4-ml gas sample into a model 750 GowMac gas chromatograph (GowMac Instrument Co., Bridgewater, N.J.) equipped with a Spherocarb column (GowMac) and flame ionization detection. Nitrogen was used as a carrier gas at 25 cm3/min, and the chromatograph was operated at 1500C.
Ethanol and acetate were determined by flame ionization gas chromatography. Samples (1 ml) of culture were centrifuged at 3,000 x g for 5 min. Supernatant (250 RI) was placed into 0.5-ml chilled centrifuge tubes, acidified with 25 20 pM. Cells were then incubated at 37°C for an additional 30 min before the PMF was determined. Three samples (1 ml each) were removed and centrifuged through silicone oil. These pellets were stored for the determination of protein.
[3H]tetraphenylphosphonium bromide and [14C]salicylate (1.5 ,uCi each) were added to the remaining medium, and the cultures were incubated for an additional 10 min. Three 1-ml samples were centrifuged through silicone oil to separate the cells from the medium. The radioactivity of both the medium and the cell pellet was determined as described above. The remaining culture medium (4 ml) was aerobically mixed with 5% butanol for determination of pellet-bound label. The pH of the remaining culture medium was recorded.
Influence of end products on growth and PMF. To determine the influence of end products and other organic acids on growth, mid-exponential-phase cultures were treated with ethanol, acetate, hydrogen, or butyrate. Anaerobic solutions were prepared at the same pH as the cell cultures, except for hydrogen, which was added as a gas at partial pressures up to 1 atm (101.29 kPa). To determine the influence of organic acids on PMF, anaerobic solutions of sodium acetate and sodium butyrate were added to midexponential-phase cultures at the pH of the medium to final concentrations of 25, 50, and 100 mmol/liter. After incubation for 30 min, the PMF was determined as described above.
In vivo hydrogenase assay. The activity of hydrogenase was determined by using an in vivo assay (22 catalytic potential of hydrogenase in both hydrogenproducing and hydrogen-consuming microorganisms. The incorporation of 3H2 gas was shown to be linear for 60 min and proportional to the quantity of culture added utder the conditions used in this study. RESULTS knd product formation and pH relationships. Experiments were initiated to determine whether the kinetics of reduced end product formation were altered in relation to changes in medium pH during the growth of S. ventriculi. Figure 1 illustrates a representative time course of growth, substrate consumption, and end product formation in neutral unbuffered rnedium. The production of acetic acid and hydrogen was stoichiometrically coupled and caused a rapid decrease in mediunm pH. After 10 h, the medium pH reached a constant value of 3.3, but growth (measured as protein production) and glucose consumption continued for another 10 h. Once the pH reached 3.3, acetate and hydrogen production decreased notably, but ethanol and carbon dioxide production continued until 20 h after the start of the reaction.
Further experiments were conducted to develop a buffered medium that would support the growth of S. ventriculi over a wide range of pH values ( Table 1) . The organism was grown in 20 ml of glucose complex medium in 56-ml pressure vials. Additions of 100 mM potassium phosphate, sodium citrate, or sodium succinate were made at pH values from 2.0 to 7.0. Growth was positive if more than 200 jig of protein per liter was produced during a 36-h incubation at 376C. Phosphate, citrate, and succinate are multiprotic ions and allowed for growth at pH values below but not above Experiments were designed to determine the influence of pH on the production of reduced end products (ethanol and hydrogen). The ratio of reduced end products to carbon dioxide was used because carbon dioxide production does not vary for the two pathways of pyruvate metabolism. Table 2 shows the response of varying the fermentation pH from 7.0 to 3.0 on the ratio of reduced end products to carbon dioxide. Notably, the amount of hydrogen produced dropped in response to a lowering of the pH, whereas the amount of ethanol produced increased. The organism was grown in a 2-liter fermentation vessel containing 1 liter of glucose complex medium. The pH was maintained by adding NaOH. The cells were incubated for 36 h at 37°C.
Studies were initiated to determine the influence of medium pH on in vivo hydrogenase activity because hydrogen and acetate production appeared to be stoichiometrically (10 ml) were transferred by syringe into 56-ml pressure vials containing a N2 atmosphere and 3H2 gas and hydrogenase measured by 3H20 formation (6.3 x 106 dpm represent 0.1 ,umol of hydrogen).
coupled and this activity was inhibited at low pH. The in vivo hydrogenase activity of S. ventriculi was twofold higher at pH 7.0 than at pH 3.0 (Fig. 4) . The activity was linear for 60 min and was directly proportional to the amount of enzyme present (i.e., cell protein added). Control experiments were performed with a hydrogenase inhibitor, carbon monoxide, to establish the validity of the assay procedure. A 100% carbon monoxide headspace completely inhibited in vivo hydrogenase and hydrogen production by exponentially growing cultures of S. ventriculi at pH 5.0.
PMF and pH relationships. Experiments were initiated to determine whether alteration of reduced end product formation during changes in medium pH was related to alteration of cytoplasmic pH and cellular PMF. No information concerning the cytoplasmic pH or PMF was previously available for S. ventriculi, and it was not known how these parameters responded to decreasing medium pH. Initial studies involved the use of Clostridium pasteurianum as a control organism because measurements of cytoplasmic pH as a function of medium pH had been previously determined for this organism (21) .
To ensure that the PMF of S. ventriculi was properly quantified, cells were also treated with inhibitors known to affect one or both components of the PMF ( 10.0 when the medium pH was held constant. Notably, the PMF increased from 50 to 114 mV as the medium pH was decreased from 7.5 to 3.0. As the medium pH was decreased from 7.5 to 3.0, the measured cytoplasmic pH decreased to 4.25. The proton gradient (ApH) increased greatly at low medium pH values. This increase in the proton gradient was only partially compensated for by a small decrease in the membrane potential (Ad). The cytoplasmic pH of cultures grown at pH 2.0 could not be determined because the pKa of the probe was too high. End product and PMF relationships. Studies were initiated to determine whether physiological concentrations of end products inhibited growth and altered cellular electrochemistry of S. ventriculi cultured at a constant pH of 4.2. Growth and PMF of S. ventriculi were not significantly altered by the addition of 1 atm of hydrogen or carbon dioxide or by the addition of 100 mmol of ethanol per liter to cultures (data not shown). Exogenous additions of ethanol were not seen to affect growth until concentrations of 180 mmol/liter were reached.
On the other hand, addition of exogenous organic acids dramatically altered growth and cellular electrochemistry. The influence of acetic acid, butyric acid, and propionic acid to cells growing at pH 4.2 is shown in Fig. 5 . These acids, at 40 mmol/liter, did not change the medium pH but totally inhibited growth. The addition of acetate, but not butyrate or propionate, in concentrations as low as 10 mmol/liter prior to inoculation of cultures at pH 3.0 also completely inhibited growth (data not shown).
Experiments were performed to determine the distribution of these acids across the cytoplasmic membrane. The proton gradient was determined from the distribution of ['4C]salicylate and used to predict the distribution of acetic acid and butyric acid. These predictions were compared with the measured distribution of the appropriate radiolabeled acid. The experiments (cells grown at pH 4.2) demonstrated that these three weak acids equilibrated with the proton gradient represented by a cytoplasmic pH of 5.4 (Table 5 ). S. ventriculi was not capable of excluding these acids from the cytoplasm at low pH. The total concentration of acetic acid within the cytoplasm was fivefold higher than in the medium when the cells were grown to mid-exponential phase at pH 4.2.
To determine whether the protonated form of organic acids resulted in the dissipation of the proton gradient, experiments were designed to measure the influence of organic acid addition on the PMF (Table 6 ). Cells were grown to mid-exponential phase at pH 4.2 in glucose complex medium at 37°C. Culture samples were removed, and electrochemical parameters were determined by radiotracer techniques. Cells were incubated in the presence of sodium acetate for 30 min at 37°C and pH 4.2. Addition of acetic acid resulted in the dissipation of the proton gradient within 30 min. The decrease in the proton gradient was directly proportional to the acetic acid concentration.
DISCUSSION
In general, these data indicate that the broad pH range of growth of S. ventriculi (pH 9.0 to 2.0) is a direct consequence of physiological adaptations to large changes in cytoplasmic pH values (>7.6 to <4.3). The mechanism for physiological adaptation of S. ventriculi to low pH does not involve the maintenance of the extremely large proton gradients observed in aerobic species. S. ventriculi metabolically controls its PMF in relation to internal pH values by altering pyruvate metabolism from hydrogen-acetate production at near-neutral pH to ethanol production at low pH. This prevents acetic acid from dissipating the PMF. The cellular electrochemistry of S. ventriculi is strongly influenced by the medium pH at which growth occurs. The experiments demonstrate that the PMF increases as a function of decreasing medium pH, and this supports the acidophilicity of the organism. This phenomenon is most notable in the proton gradient. Interestingly, very little change in the membrane potential was observed over a wide range of medium pH values. The membrane potential was always negative internally, and there were no conditions under which the membrane potential inverted. S. ventriculi is clearly an acidophile, as a consequence of prolific growth at pH 2.0 to 3.0; however, it is not an obligate acidophile.
This response to the variation in pH is in sharp contrast to the response of aerobic acidophiles. When grown at pH 2.0, Thermoplasma acidophila maintained an internal pH between 6.4 and 6.9 (9) . This leads to a large proton gradient, which is compensated for by an inverted membrane potential of 120 mV (internal positive) (10) . The internal pH of Thiobacillus ferro-oxidans remained between 6.8 and 6.2 as the external pH was varied between 1.0 and 8.0 (6) . Similar findings were obtained for Thiobacillus acidophilus (19, 29) .
Because anaerobes derive substantially smaller amounts of energy from a given substrate than aerobes do (13, 27) , anaerobes may have adapted to low pH by mechanisms that do not involve energy-dependent proton pumps. This hypothesis is supported by the present data but remains to be fully tested. The PMF of Staphylococcus aureus has been shown to be approximately 110 mV lower when the organism is growing anaerobically than when it is growing aerobically (12) . That both the accumulation of acetic acid in the cytoplasm and the lowering of cytoplasmic pH are involved in the metabolic control of fermentation is supported by the experimental results. The fact that nonmetabolite weak organic acids can inhibit growth suggests that part of the response of the PMF to the accumulation of organic acid is the translocation of protons across the cytoplasmic membrane by the protonated form of the acid and the dissipation of the proton gradient. The fact that acetic acid is an effective inhibitor of the PMF suggests that the accumulation of this metabolite within the cytoplasm also contributes to the observed response of the PMF to the production of weak organic acids during fermentation.
The ability of S. ventriculi to metabolize glucose at cytoplasmic pH values at least as low as 4.3 raises several interesting questions concerning the enzymes of this organism. Stephenson and Dawes (25) determined the influence of pH on pyruvate decarboxylation and hydrogen production in crude cell extracts. In these experiments, the optimum pH for the evolution of hydrogen from pyruvate was 6.8, and no hydrogen was evolved below pH 5 .0. The optimum activity of the decarboxylation was between pH 5.0 and 6.0, and no activity was observed below pH 4.5. Although the in vivo hydrogenase activity measured was indeed lower at pH 3.0 than at pH 7.0, activity was still quantifiable at pH 3.0 (with a measured cytoplasmic pH of 4.3). These findings question the assays used for in vitro determinations of pH optima and activity of specific enzymes. The possibility exists that the pH optimum of enzymes in colloidal suspensions characteristic of the cytoplasm varies from the pH optimum reported for in vitro assays of crude enzyme preparations with nonphysiological buffers whose dynamic range may cause chelation of metal cofactors (e.g., nickel or iron) needed for measurement of hydrogenase, pyruvate dehydrogenase, or other enzyme activities. Localized pH variation within the cytoplasm may also explain the discrepancy between in vitro and in vivo enzyme activities.
